likely to occur following these additions to soil is required to identify strategies for improving soil structure, increasing productivity, and minimizing greenhouse gas (GHG) emissions. Humic acid can improve soil characteristics by buffering pH, chelating micronutrients (Kudeyarova, 2007; Mackowiak et al., 2001; Motojima et al., 2012) , and enhancing cation exchange capacity (CEC) and available water capacity (AWC) of soil (Senesi and Plaza, 2007; Sharif et al., 2002; Soler-Rovira et al., 2010; Tahir et al., 2011) . Coal-derived HA substances, the type used in this study, can increase water retention, AWC, and aggregate stability of degraded soils (Piccolo et al., 1996) . Water treatment residuals are by-products of the water clarification process, which also have been used as soil amendment (Ippolito et al., 2011) . These materials can also improve soil physical properties (Hsu and Hseu, 2011; Ippolito et al., 2011; Soler-Rovira et al., 2010; Tahir et al., 2011) and reduce heavy metals runoff (Fan et al., 2011; Mahmoud, 2011) . However, data on impacts of HA and WTRs on GHG emissions and soil-C and N stability over time are scarce.
Biochar, the carbonaceous product of biomass combusted under O-limited conditions, is currently being widely studied for its effects as a soil amendment. Emissions of GHGs from biocharamended soils have been studied extensively but mostly in closed system laboratory settings that do not allow for leaching (Bruun et al., 2012; Jones et al., 2011; Rogovska et al., 2011; Rondon et al., 2005; van Zwieten et al., 2009 ). Nevertheless, it has been shown by these methods that the MRT or the average time of C residing in its respective soil pool at steady state (Six and Jastrow, 2002) , in biochar alone and biochar-amended soil depends on biochar pyrolysis temperature (Fowles, 2007; Lehmann, 2007; Lehmann et al., 2006) and duration of charring (Peng et al., 2011) . For example, Zimmerman (2010) observed an inverse relationship between biochar production temperature (250-650°C) and both abiotic and microbial C mineralization rate with estimated MRT from this biochar-only study ranged from 375 to 21 × 10 4 years. In addition, Peng et al. (2011) reported that MRT of biochar-C derived from rice straw, ranging from 244 to 1700 yr, and generally increased with increase in charring temperature (250-450°C). Volatile matter (VM) content of biochar, consisting of labile aliphatic alcohol and acid functional groups (Mukherjee et al., 2011) and O/C and H/C ratios (Spokas et al., 2012; ) are significantly correlated with the CO 2 emissions from biochars (Peng et al., 2011; Zimmerman, 2010) . These findings show that there is a labile component of biochar rich in organic functional groups, and this VM may also be responsible for an initial peak of CO 2 flux from biochar-amended soils (Aarna and Suuberg, 1998; Jones et al., 2011; Mukherjee and Lal, 2013; Smith et al., 2010) .
While some recent studies have examined the stability or MRT of C in biochar-amended soil through measurements of gaseous emissions only (Zimmerman and Gao, 2013) , the authors are aware of none that have measured both gaseous and leaching losses simultaneously. The sole study to date (Sarkhot et al., 2012) , which documented both gaseous and leaching losses, (i) did not estimate MRT of C and N from elemental losses, and more importantly (ii) unlike the current study, collected both gaseous and leachate samples under two separate but similar incubation settings. Thus, one objective of this study was to obtain a better estimate of C and N stability in biochar-amended soil through simultaneous measurement of gaseous and aqueous losses from soil columns. Second, research information on MRT of soil-N under any amendment is scanty and a researchable priority. Third, there have also been very few direct comparisons of C and N stability in biochar-amended soil to that of the same soil amended with other materials, though such a comparison could be informative as to the interactive mechanisms at play. For example, like biochar, HA is a C-rich material that is refractory to some degree. In contrast, WTR has little refractory C but has a high surface area and porous structure (Mukherjee et al., 2014b) . Thus, enhanced C or N stability caused by either of these two soil amendments may point to a greater importance of C chemical lability or sorptive protection, respectively. Fourth, since these same amendment type and soil combinations were previously used in field studies of C and N gaseous emission (Mukherjee et al., 2014b) , they provide a test of whether soil columns may yield results that can be representative and substituted for more laborious and costly field studies. The results were also used to estimate the relative effect of each amendment on global warming potential (GWP), concerning which information is scarce for HA and WTR.
MATERIALs ANd METHOds

Materials
Soil chosen for the laboratory incubation experiment was collected from 0-to 10-cm depth intervals at the Waterman Farm of the Ohio State University, Columbus, OH. It was classified as a Crosby silt loam. Soil was air-dried, ground, and passed through a 2-mm sieve. Commercial coal-derived HA was obtained from Sigma Aldrich, MO and used as is. The Al-WTR was collected from a water treatment plant in Columbus, OH and used after air-drying. Biochar was produced from laurel oak (Quercus laurifolia Michx.; collected in Gainesville, FL) wood, cut to 5 by 5 by 30 cm and combusted for 3 h at 650°C in a closed kiln sealed loosely to allow smoke to exit. Detailed information on chemical and physical characteristics of the oak-650 biochar has been presented elsewhere (Kasozi et al., 2010; Mukherjee et al., 2011; Zimmerman, 2010) . The coarse size fraction (0.25-2 mm) of the biochar, separated by sieve, was used in the experiment, as that fraction (i) was used in the field component of this research (Mukherjee et al., 2014b) , (ii) has been used by a number of recent studies (Case et al., 2012; Githinji, 2013; Jones et al., 2011; Troy et al., 2013; Zhang et al., 2012) , and (iii) has the potential to be chosen by growers for field application based on previous experiments (Mukherjee and Zimmerman, 2013; Mukherjee et al., 2011) . General characteristics of the soil and three amendments are presented in Supplemental Table S1 .
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Experimental
All experimental treatments, including a soil control with no amendment, were triplicated in columns made from transparent rigid PVC tubes (U.S. Plastic Corp), each 30.5 by 7.6 cm (length by internal diameter) in size (Fig. 1) . Thoroughly mixed combinations of 10 g of each amendment and one kilogram of soil were placed in each column and incubated at room temperature (~25°C). This rate of application corresponds to a 15 Mg ha −1 amendment level, assuming 1.5 Mg m −3 bulk density (r b ) of the 0-to 10-cm layer. Each column was sealed on both ends with duct tape and fitted end-caps. The sediment column was 39.5 cm in height (including the end-caps length) and had an overlying headspace of 17 cm. The upper end-cap was fitted with two rubber septa to draw gaseous samples and introduce water and the lower end-cap was fitted with a valve attached to a tube for control of leachate collection (Fig. 1) . The bottom part of the core contained landscape fabric and Whatman filter papers to prevent loss of solids.
At the start of the experiment, soils were wetted from the top with 400 cm 3 of distilled water to achieve water filled pore space (WFPS) of 69% (assuming a soil bulk density of 1.5 Mg m −3 and a particle density of 2.65 Mg m −3 ). Thereafter, columns were leached with 200 cm 3 of distilled water (equivalent to 35% WFPS), initially once in a week for the first 2 mo, then once in a month for the next 2 mo, and 2 mo later for the remaining samplings. The leachates were stored in a refrigerator before chemical analyses performed within 2 wk of sampling. Gaseous samples were withdrawn from the headspace of the core by inserting a 20-cm 3 syringe through the rubber septa before each leaching of the cores. Gas samples were stored in 20 cm 3 air tight previously evacuated glass vials and concentrations of CO 2 , CH 4 , and N 2 O in the glass vials were determined using a gas chromatograph (GC-2014, Shimadzu Corp., Japan). The flux of GHG emissions was calculated following Shrestha et al. (2009) 
where, F = gas flux (g m −2 d −1 ), dG = change in gas concentration in ppm over time dt in a day, V C = volume of chamber (m 3 ), A = soil surface area within the chamber (m 2 ), V = ideal gas volume in headspace (0.0245 m 3 ), and M = molar weight (g) of the gas. Soil r b in the columns was determined periodically by measuring the change in height of the soil column (average of three measurements) following Rogovska et al. (2011) .
Chemical Analyses
The VM content of each material was determined as weight lost after combustion in a ceramic crucible loosely covered with a ceramic cap at 850 to 900°C for 6 min (ASTM, 1990; Mukherjee et al., 2011) . Total C and N concentrations in the soils were determined on 250 mm sieved and ground samples using an elemental analyzer (Vario Max, Elemntar Americas, Inc., Germany) by dry combustion (900°C) method (Nelson and Sommers, 1996) . Dissolved TOC and NO 3 − -NO 2 − in the leachates were analyzed using a TOC analyzer (TOC-VCPH/ CPN, Version 2, Shimadzu Corp., Japan) and an Astoria 2 microflow analyzer (Astoria-Pacific, Clackamas, OR), respectively (Keeney and Nelson, 1987; Nelson and Sommers, 1996) . The surface area (SA) was measured on a Quantachrome Autosorb-1 instrument using N 2 and CO 2 sorptometry (N 2 -SA and CO 2 -SA, respectively) (Mukherjee et al., 2011) .
data Modeling
Soil-C and N stability were estimated by calculating their MRT using the C and N losses from soil via leaching and gaseous emissions. A first order degradation rate was assumed and solved graphically such that
where, dA/dt = rate of change of concentration of element A over time t, k = pseudo-first order decomposition rate constant, and A = initial concentration. The MRT of an element was then calculated as the inverse of k (MRT = k -1 ). A first order model, compared to that of a second order was chosen, as the data of the current study were better fitted with this model as reported in previous studies (Peng et al., 2011; Six and Jastrow, 2002; Steinbeiss et al., 2009) .
The relative effect of each treatment on GWP was calculated by summing the weighted daily gaseous fluxes by numerical integration of the area underlying the gas flux curve using the trapezoid rule (Dendooven et al., 2012) . The GWP of CH 4 and N 2 O were assumed to be 23 and 296 times that of CO 2 over the time horizon of 100 yr (USEPA, 2007) .
statistical Analyses
All data are presented as means ± standard deviations of three measurements. Differences between treatments were analyzed using Tukey's test in PROC GLM in SAS version 9.2 (SAS, 2012). Treatment differences were considered significant when p < 0.05. All the graphical figures were created using Sigmaplot 12.0 (Sigmaplot, 2012) .
REsuLTs ANd dIsCussIONs
Impacts of Amendments on Elemental Leaching
In general, leaching losses were lower in soil with biochar in comparison with other amendments or the control soil. Temporal leaching losses in the control ranged from 1.2 to 29.7, 1.1 to 14.0, and 0.0 to 1.1 mg g −1 TOC, NO 3 − , and NO 2 − -N, respectively, compared with 0.7 to 19.3, 0.5 to 12.0, 0.0 to 0.8 mg g −1 , respectively, in biochar-amended soil (Supplemental Fig. S1 ). Additionally, while NO 3 − and NO 2 − -N releases were variable over time (Supplemental Fig. S1 ) and reached a plateau after 1.5 ´ 10 −3 m 3 flush volumes (Fig. 2) , TOC releases from amended soils were progressively continuous (Supplemental Fig.  S1 , Fig. 2 ). While soil treated with HA lost greater cumulative NO 3 − and NO 2 − -N via leaching compared to the control, soil amended with biochar and WTR had lower losses of cumulative TOC, NO 3 − , and NO 2 − by 30, 33, and 34%, and 29, −4, and 41% (negative sign indicates increase), respectively, compared to the control (Fig. 2) . Despite having added the greatest amount of total C (Supplemental Table S1 ), the least amount of dissolved organic C (DOC) was released by biochar-amended soil during the incubation period among all the treatments (Fig. 2) . Previous studies have found differing results in regards to the effects of biochar on soil C leaching. For example, charcoal incorporation resulted in increased microbial biomass, which in turn enhanced DOC in the leachates of biochar-amended soil under a field study (Bell and Worrall, 2011) . Another field study conducted in a savanna Oxisol indicated that DOC was 267% greater in the leachates of biochar-amended soils relative to a control. This increase was proportional to the increase in water flux in biochar-amended soils likely due to its lower r b , increased saturated hydraulic conductivity, and water infiltration (Major et al., 2010) . However, other processes may influence leaching from biochar-amended soils. For example, soils with biochar pyrolyzed from grass at lower temperature (400°C) released greater C, N, and P than those made from wood (oak) at a higher temperature (650°C) suggesting that these leached elements can also be derived from the biochar itself (Mukherjee and Zimmerman, 2013) . Sorption of the aromatic phenols and carboxylic acids abundant in biochar leachate can be readily sorbed by soil minerals (Kaiser and Guggenberger, 2000) and catechol, a model soil organic matter (OM) compound that can be sorbed readily to biochar (Kasozi et al., 2010) . Laboratory column experiments with grass biochar amended-soils revealed that 20 to 40% of biochar-C leachate was sorbed by a sandy Entisol, whereas none was sorbed by a clayey Utilsol (Mukherjee and Zimmerman, 2013) suggesting influence of soil types on sorption. In another study, soil DOC was found to be sorbed to biochar-mineral complexes formed in soil aggregates (Lin et al., 2012) . However, the extent to which these sorbed components may be later desorbed or are microbially available is an area for future research.
Thus, it is likely that biochar sorption is responsible for lower leaching of DOC and N compounds in the biochar-amended soil of this study relative to the control (Fig. 2) . This is despite its having the highest total C and VM content (Supplemental Table  S1 ) and the lowest soil-r b or highest aeration (Fig. 3) . Although biochar had the highest surface area (Supplemental Table S1 ), WTR also likely sorbed soil OM by specific bonding as WTR possesses abundant Fe and Al-hydroxides (Agyin-Birikorang and O'Connor, 2007; Ahmad et al., 2012; Ippolito et al., 2011; Miller et al., 2011) . On the other hand, the increase in dissolved C in leachates of the HA-treated soil compared to the control may have been due to enhanced microbial colonization and biomass as well as leaching of the HA itself (Fig. 2) .
Biochar addition also consistently resulted in reduced leaching of NO 3 − and NO 2 − over time compared to the other two amendments (Fig. 2) . Other studies have also reported reduced leachate of N from biochar-amended soils (Dempster et al., 2012b; Laird et al., 2010; Lehmann et al., 2003 ; Major et al., Mukherjee and Zimmerman, 2013; Novak et al., 2009 ). Release of inorganic N has also been found to depend on the pyrolysis temperature of biochar (Mukherjee and Zimmerman, 2013) and high VM content of biochar (Deenik et al., 2010) . Both low temperature (300°C) hardwood derived and dairy effluentmixed "enriched" biochar reduced NH 4 and NO 3 -N from coarse loamy soil, which was attributed to sorption and immobilization of inorganic-N by the specific biochar. Thus, reduced leaching of N from biochar-amended soil may be attributed to: (i) reduced rate of nitrification as biochar inhibits nitrification processes in soil (Dempster et al., 2012a; Dempster et al., 2012b) , (ii) retention of ammonium via biochar sorption because of the high CEC of biochar (Chan et al., 2008; Clough et al., 2013; Liang et al., 2006; Novak et al., 2009 ), (iii) enhanced microbial uptake of inorganic N and cycling into the organic pool with subsequent sorption of organic N on the soil-biochar surface (Guerena et al., 2013; Sarkhot et al., 2012) , and (iv) N immobilization due to high concentration of soluble phenolic compounds present in the VM of biochar (Deenik et al., 2010; Mukherjee et al., 2011) , which may serve a high C/N source of C for soil microbes (Deenik et al., 2010) . While these processes might have occurred in the soil columns of the present study, direct adsorption of NO 3 − onto the biochar surface (Clough et al., 2013) could also be a prominent pathway, as the oak-650 biochar used here has previously been found to develop anion exchange capacity over time (Mukherjee et al., 2014a) . While WTR had no significant effect on N leaching, HA increased NO 3 − -N leaching from the amended soil, perhaps due to higher denitrifier activity stimulated by addition of labile C (Clough et al., 2013) .
Impacts of Amendments on Greenhouse Gas Emissions
No amendments had any significant impact on gaseous emissions due to the high variability within each treatment. We hypothesize that the labile C and N compounds, which were otherwise utilized and emitted by microbial activity and produced significant differences in treatments were probably leached out from the system, as both leaching and gaseous sampling events took place at the same time as per the experimental setting. As differences in gaseous emissions were not statistically significant under various amendments, the discussion or their implications on this aspect is limited, especially considering that the standard errors are quite high (Fig. 4, Supplemental Fig. S2) .
However, there are few previous data on gaseous emissions from soils amended with HA and WTR, and the mechanisms by which biochar amendment affect gaseous emissions of soils are poorly understood (Mukherjee and Lal, 2013; Mukherjee and Lal, 2014 )-which warrant discussion, especially in the cases when they may link to leaching. The high pH of both biochar and WTR used in the present study (Supplemental Table S1 ) may have suppressed CO 2 efflux through the formation of secondary carbonate precipitation (Lehmann et al., 2011) . More likely, however, the same sorption that led to decreased C leaching in the biochar-amended soil also resulted in the reduced C mineralization through sorptive protection. Higher temperature biochars, such as the oak-650 biochar used here, have been shown to be more likely to cause negative priming, that is, the reduction in soil C mineralization by this mechanism . On the other hand, this process did not, apparently, occur in soils treated with HA treatment, as it decreased aeration (Fig. 3) and CO 2 emission compared to control at the same time (Fig. 4) . Abiotic release of C through leaching (Fig. 2) may have depleted the labile C source for the microbial community to exploit for HA treated soil (Fig. 4 , Supplemental Table S2 ). The much smaller reduction in CO 2 emission observed for HA and WTR (Fig. 4) may be attributed to similar sorptive-protective mechanisms, only operative to a much lesser extent.
Implications of Gaseous Emissions and Leaching from Amended soils
Losses via both leaching and gaseous emissions were added to estimate C and N stability (MRT) in amended soils (Table 1 , Columns 1 and 3). For comparison, MRT were also calculated using losses through gaseous emissions only (Table 1 , Columns 2 and 4). Biochar amendment significantly (p < 0.05) increased MRT of C by 79% compared to the control, when both leaching and gaseous C-loss pathways were included in the MRT calculation (Table 1) . However, other amendments did not have any significant effects on calculated MRTs. Because losses of C due to leaching were about twice those of gaseous losses of C, inclusion of leaching in MRT of C calculations had a strong effect, resulting in MRT of C that were, on average, about 12 times less than those calculated from gaseous emissions alone. Similarly, MRT of N calculated from gas and leaching data were about five orders less than those calculated from gaseous emissions only (Table 1 ). These calculations assume that all gaseous and aqueous C and N losses were accounted for by the measured species. This may not be the case if significant denitrification took place, producing an efflux of N 2 from the columns, which was not measured in the present study. Likewise, losses of aqueous inorganic C or organic N may have occurred via leaching, which were not measured in the current study.
While a number of studies either estimated half-life or MRT of pure biochar-C (Zimmerman, 2010; Zimmerman et al., 2011) or labeled biochar-C in soils (Keith et al., 2011; Knoblauch et al., 2011; Kuzyakov et al., 2009; Peng et al., 2011; Santos et al., 2012; Singh et al., 2012) by measuring gaseous emissions, data are scarce on MRT of C and N of total biocharamended soil. Nevertheless, Santos et al. (2012) estimated 15 to 51 yr of soil-C MRT incubating (180 d) Andesitic and Granitic soils with ponderosa pine (Pinus ponderosa P. Lawson & C. Lawson) biochar produced at 450°C. Indicating high variability of MRT of soil-C due to differences in soil types, a high range (327-2026 yr) of MRT of soil-C was estimated from seven types of surface silt-loam soils collected from the Midwestern United States (Paul et al., 2001) . The soils were similar to the control soil used in the present study. In the current experiment, the ranges of MRT of the control silty loam and amended soil-C were 19 to 50 yr considering combined gaseous and leaching losses and 362 to 518 yr considering only gaseous losses ( Table 1) .
The authors are unaware of any data on MRT of soil-N under biochar or any other amendments. One critical reason for scarcity of MRT of soil-N is that a significant amount of soil-N can be lost by leaching and must be taken into account while calculating MRT of N to avoid overestimation. The MRTs calculated from the data of the present study indicate that inclusion of leaching losses actually decrease soil C and N-MRT by up to 1 and 5 orders of magnitude, respectively ( Table 1 ), suggesting that biochar-amended soil C and N may not be as stable as has been proposed in earlier studies considering only gaseous losses (Zimmerman and Gao, 2013) . In other words, these results identify importance of inclusion of both pathways (leaching and emission) for MRT-estimation.
Comparative effects of each amendment on GWP were evaluated using the measured emissions of CO 2 , CH 4 , and N 2 O. The true effect on GWP, however, includes the amount of GHG emitted during the production, transport, and application of each amendment. For example, there was an emission of 43.3% of the parent biomass C (Zimmerman, 2010) during the production of oak-650 biochar. Estimation of the full effect of each amendment on GWP was beyond the scope of this paper. In addition, while leached C and N may eventually be converted to greenhouse gases, the extent to which this occurs in each soil cannot be known with confidence, so this data was not used in GWP effect evaluation and, thus, the calculated GWP is termed "partial-GWP" as only measured gaseous emissions during the incubation period were used for calculation. For each soil treatment and the control, the largest contributor to partial-GWP was CO 2 (Supplemental Fig. S3 ). The HA, WTR, and biochar treatments each decreased partial-GWP by 2, 9, and 28%, respectively, relative to the control.
Comparison between Laboratory and Fieldderived soil Parameters
Trends in r b , gaseous emissions, MRT of C, and partial-GWP established in this laboratory incubation can be compared to those measured in a field experiment performed with the same soil and amendment combinations. The main difference in the conditions of these two studies 28bc ± 15 368a ± 212 12a ± 9 (10.8a ± 6.5) ´ 10 5
Soil + HA † 19c ± 4 385a ± 69 8a ± 2 (7.8a ± 6.9) ´ 10 5 Soil + WTR 44ab ± 14 362a ± 255 18a ± 14 (8.6a ± 5.1) ´ 10 5 Soil + biochar 50a ± 5 518a ± 155 15a ± 5 (15.5a ± 15.3) ´ 10 5 † Abbreviations: HA, humic acid; WTR, water treatment residuals; L + G, estimation based on elemental losses through combination of leaching and gaseous pathways; G, estimation based on elemental losses through gaseous pathway only.
www.soils.org/publications/sssaj ∆ are that the field study had amendment application rates of 0.5% and was leached via rain at a rate of 6.7 cm per month in average during a period of 4 mo under soybean [Glycine max (L.) Merr.], whereas the laboratory study was performed under laboratory settings with 200 cm 3 leaching over 257 d. Detailed methods and results of the field study were presented elsewhere (Mukherjee et al., 2014b) . While the measured rates of gas emissions and soil properties were different, in all but a few cases, the soil amendments had the same effect on the parameters measured in laboratory and field incubations relative to the control soil ( Table 2 ) under several biogeochemical processes (Supplemental Table S2 ) as described before. For example, CO 2 emissions were decreased by biochar and WTR amendment and increased by HA amendment in both the laboratory incubation and field settings ( Table 2 ). The r b measurement was different in the laboratory setting compared to the field method, which may have been reflected in the trends. However, as a proxy of aeration, only biochar treated soils decreased r b in the laboratory setting, and although all the amendments decreased r b of soil in the field compared to control, the response was only significant with biochar (Table  2) . Natural processes such as climatic variability, freeze/thaw cycles, and run-off events are absent in any idealized laboratory setting (Spokas, 2010) , and artificial periodic leaching as the case of the present study may only simulate natural rainfall to some extent; optimized microbial activity (Knicker, 2011; Spokas, 2010; Zimmerman, 2010) and absence of crop growth may be the reasons for the apparent differences in some of the trends of field vs. laboratory observations (Table 2) . Nevertheless, these observations indicate that laboratory incubations may serve as good proxies for field-scale experiments and may be performed in advance of large-scale field application to predict the effects of particular amendments on specific soils.
suMMARY
This study reports both gaseous and leached C and N components of columns with different amendments under longterm laboratory settings. The data support the following conclusions:
1. Gaseous emissions from soils were not significantly affected by any amendments because the labile C and N compounds most likely to be oxidized and emitted in gaseous forms in any closed system incubations were either protected via mineral sorption or lost as leachate in the open column system employed in this study.
2. Calculation of MRT of C and N in amended soils based entirely on gaseous losses may be overestimates because losses due to leaching can be significant.
3. Compared to that of the control, only oak biochar significantly enhanced soil-C stability by 79%, considering both leaching and gaseous losses of C.
4. From the results of this laboratory column study and similar field work performed before, it can be stated that analyses from laboratory incubation may serve as reliable proxies for trends in field soil responses to amendments. Irrespective of the differences in two experimental conditions, comparison of lab vs. field experiments demonstrates that trends in fieldsoil characteristics under amendments could be predicted or established by reliable laboratory settings. More research is needed, especially under field scale, measuring both gaseous and dissolved N losses is a priority to better understand the effects of these amendments on altering N cycling. † Cumulative gaseous emissions (CO 2 , CH 4 , N 2 O). ‡ Abbreviations: HA, humic acid; WTR, water treatment residuals; r b , bulk density; MRT, mean residence time; GWP, global warming potential; L, laboratory; F, field; I, increase compared to control; D, decrease compared to control. § Field experiments, described in detail elsewhere (see Mukherjee et al., 2014b) , were carried out using the same soil and amendments types as the laboratory study but with application rate of 0.5 weight % as opposed to 1% for laboratory. ¶ Combining losses of C by both leaching and gaseous pathways.
